Abstract: It is discussed that specific amino acids (AAs) have functional roles in early life. Understanding the AA composition in human milk (HM) during lactation assists in specifying these roles. To this end we assessed the levels of free AAs (FAAs), total AAs (free and bound, TAAs) and protein levels in HM in the first 6 months of lactation, and evaluated possible associations with infant gender. HM samples of 25 healthy Dutch mothers participating in the PreventCD study were collected monthly during the first 6 months of lactation. Of the participating mothers, 12 gave birth to a boy and 13 gave birth to a girl. Analyses of the HM samples revealed that levels of free glutamate, glutamine, aspartate, glycine, and serine significantly increased during months 1-3 of lactation, both in absolute sense and relative to TAA levels. Evaluation of gender differences by mixed model analyses revealed an association between female infant gender and higher protein content (p = 0.0465) and TAA content (p = 0.0362) in HM during the first 3 months of lactation. Furthermore, there was a tendency for an association of male infant gender with higher levels of free glutamine (p = 0.0948) in HM during the first 3 months of lactation. These results show that FAA, TAA and protein levels in HM display a time-specific occurrence during lactation. Moreover, although confirmation is necessary in view of the small sample size, this study indicates that the AA composition in HM shows differential effects of the infant's sex.
Introduction
Human milk (HM) is the best source of infant nutrition providing the energy, nutrients, and non-nutritive factors for an optimal growth and development. Breastfeeding is shown to have beneficial effects on the infant beyond nutrition. It is known to support gastrointestinal development by stimulating intestinal bacterial colonization and barrier formation, and it provides immediate protection against infectious diseases [1, 2] . Recent studies show that breastfeeding reduces mortality rates among infants and decreases the risk for developing certain types of allergies, autoimmune diseases and (late) metabolic diseases, protecting against type 2 and potentially also type 1 diabetes, as well as obesity [3] [4] [5] . The significant effects of breastfeeding on infant health and development urge the need to define and understand the composition and functionality of HM.
Proteins make up a significant part of the macronutrient composition of HM and contribute to its unique activity. Most of the proteins in HM are digested to provide the infant with an adequate supply of amino acids (AAs), which is critical for a normal growth and development [6] . Although AAs are released from milk proteins, HM also contains free (i.e., not part of protein) AAs (FAAs), for reasons not well understood [7] .
Multiple studies investigated the dynamics of FAA composition in HM throughout lactation. As summarized by the systematic review of Zhang et al., levels of most FAAs remain quite stable within the first months of lactation, whereas free glutamine and glutamate, among others, increase [7] . As infant milk volume intake per kg body weight elevates with progressing lactation, the relative intake of free glutamine and glutamate of the infant increases, suggesting specific roles for these FAAs in early life. It has been shown that free glutamine is an energy substrate for intestinal cells and is important for providing ketoglutaric acid for the citric acid cycle [8] , whereas free glutamate is indicated to confer beneficial physiological effects in the developing oral cavity and gut, e.g., regulating food intake and satiety and modulating gut and immune-development [9, 10] .
The role of specific components in HM in improving disease outcome is still unclear. It is speculated that the dynamics of specific components in HM, including oligosaccharides and fatty acids, influence immune maturation and (allergic) disease development [11] . Studies have shown gender differences in the occurrence allergic diseases, i.e., the prevalence of asthma, wheeze and potentially food allergy is more frequent among male infants, whereas coeliac disease (CD) occurs more frequently in female infants [12] [13] [14] [15] . In compliance with these findings it is argued that HM composition might be dependent on the infant's sex, endorsed by studies indicating associations of infant gender with fat and energy content in HM [16, 17] . Whether the composition and levels of AAs in HM during lactation is dependent on the infant's gender has never been studied. Potential gender effects on AA composition in HM might provide new insights in how HM compositions contributes to early life development.
The objective of this study was to assess the changes in HM AA composition during lactation and to study the effect of gender, in order to contribute to the discussion of their role in the developing infant. Therefore, we measured FAA, TAA, and protein levels in HM sample series of 25 Dutch women during the first 6 months of lactation, and investigated whether AA and protein levels in HM differ between genders.
Materials and Methods

Participants and Study Design
During 2007-2010, HM samples were collected from women participating in the PreventCD study (Current Controlled Trials number: ISRCTN74582487), a dietary-intervention study which has been described in detail elsewhere [15] . Briefly, term infants from 0 to 3 months of age and genotypically at risk of developing CD (i.e., the presence of DQ2 and DQ8 haplotypes) and with at least one family member with CD were recruited. Participating infants were randomly assigned to receive either 200 mg of wheat (intervention) or 200 mg of lactose (placebo) daily for 8 weeks starting at the age of 16 weeks. The primary outcome was the frequency of CD at 3 years of age. Infant health, height and weight were assessed periodically using standardized questionnaires [15] .
For the analyses reported in the present study, HM samples were selected from 25 Dutch women participating in the PreventCD project. Inclusion criteria were that the participating mothers did not have CD and were consuming a normal, gluten-containing diet. Their infants (13 girls and 12 boys) had not developed CD at the age of 5-8 years. Infant weight and growth characteristics are represented in Table 1 . Values are given as mean ± SEM (n). Statistical differences in weight or height gain between male and female infants are indicated as follows: o p < 0.10, * p < 0.05.
Sample Collection
Participating women were instructed to collect 10-30 mL of HM at home manually or with an electric pump once a month, around the same day. After sampling, milk samples were frozen immediately at −20 • C overnight at the participant's home, and were transferred the day after on ice to the hospital, where samples were stored at −80 • C until they were analyzed. The average milk sampling time in month 1 though month 6 of lactation was 24, 52, 81, 116, 148, and 178 days after delivery.
Amino Acid Analyses
A total of 135 HM samples were analyzed, comprising 25 series of monthly collected HM samples up to 6 months of lactation. Whereas most longitudinal sample series were complete some samples were missing, explaining the discrepancy in the number of milk samples analyzed in each month of lactation. Prior to AA and protein level analyses, the HM samples were thawed overnight at 4 • C and gently vortexed. Levels of FAAs (i.e., unbound AAs) and TAAs (i.e., free + bound AAs) were analyzed by the liquid chromatography method described in detail elsewhere [18] , using an ultra-fast liquid chromatography system (Shimadzu, 's-Hertogenbosch, The Netherlands) which is equipped with a fluorimetric detector and an Acquity UPLC BEH C18 column (1.7 m, 100 × 2.1 mm) (Waters, Milford, MA, USA). This method does not allow the detection of proline and cysteine, yielding a total of 18 detectable FAAs, and taurine. The measurements of TAA levels required total protein hydrolysis using 6 M HCl, which enabled the detection of 15 TAAs and disabled the detection of tryptophan, cysteine, and proline. The acidic hydrolysis process also transformed asparagine into aspartate and glutamine into glutamate, disabling the detection of these TAAs individually. For AA peak identification, AA standards (Sigma, Zwijndrecht, The Netherlands) were used. The protein content per sample was estimated by multiplying the N-content by the conversion factor 6.25 [19] . The N-content in the HM samples was analyzed by the Dumas method, described elsewhere [20] . As opposed to TAA content, the total protein content also comprises the non-detectable AAs, as well as non-protein N (including a.o. taurine and nucleotides).
Statistical Analysis
Regression coefficient analysis was applied to analyze the effect of the lactation time on protein, TAA and FAA levels in HM. Briefly, for each subject, the protein, TAA and FAA levels were regressed against time through months 1-3 of lactation, months 4-6 of lactation or the entire 6-months study period. The rationale for using these time points for regression analysis was that existing effects of lactation time on the AA content in HM were clear in the first 3 months of lactation and less pronounced during months [4] [5] [6] . Mean values of the slopes of the regression lines were tested against a hypothetical mean of 0 by means of a one sample t-test. Differences in cumulative levels of protein, TAAs and FAAs between milk for boys and milk for girls in month 1-3 of lactation were assessed by using a mixed model with subjects as random effect and the sampling time in days after delivery and gender as fixed effects. Missing data (n = 3 in months 1-3 of lactation) were considered missing at random. Statistical significance was defined as p < 0.05 and where applicable trends were indicated when p < 0.10. All data are reported as means ± SEM, unless indicated otherwise. Statistical analyses were performed using GraphPad Prism (version 7.03, GraphPad Software Inc., San Diego, CA, USA) and JMP (version 11.0.0, SAS Institute Inc., Cary, NC, USA).
Ethics
The PreventCD trial, registered as ISRCTN74582487, was approved by the medical ethics committee of the Leiden University Medical Center (LUMC) in the Netherlands on the 1st December 2006 and complied with the Good Clinical Practices (ICH-GCP) guidelines. The parents of the children provided their written informed consent for the study. The study was conducted according to the Declaration of Helsinki. Table 2 summarizes the FAA levels in HM during the first 6 months of lactation. As shown, glutamate was by far the most abundant FAA, increasing from 53.7% to 56.9% of the total FAA content. To prevent glutamate from masking and diluting the effects of the lactation time on levels of other FAAs, statistical calculations concerning the total FAA content were conducted with both inclusion and exclusion of free glutamate. Regression coefficient analysis revealed that the total FAA content with or without glutamate in HM significantly increased along the first 3 months of lactation, and remained stable thereafter, as shown in Table 2 . Significant increases of individual FAAs were found for non-essential amino acids (NEAAs) aspartate, glutamate, glutamine, glycine and serine in the first 3 months of lactation. Most of the essential amino acids (EAAs) levels remained stable along the study period, only threonine and histidine levels showed a slight but significant increase and decrease in the first 3 months of lactation, respectively (Table 2) .
Results
In contrast to the sum of all FAAs, the protein content and the sum of all TAAs, as well as TAA levels of each of the individual AAs decreased in the first 3 months of lactation, followed by a gradual non-significant decline thereafter (Table 3) . Consequently, the ratio of the sum of FAAs to the sum of TAAs significantly increased in the first 3 months of lactation (Table 4) . With respect to individual AAs, the FAA/TAA ratio for Glx (glutamate + glutamine), Asx (asparagine + aspartate), serine, glycine, alanine, threonine and histidine increased significantly in month 1-3 of lactation, and the ratios remained stable thereafter. For all other AAs the increase of the FAA/TAA ratio was more gradual but also reached significance, or at least showed a trend, when regression coefficient analyses were performed over the entire study period ( Table 4 ). The highest relative increases in the FAA/TAA ratio were observed for Glx, Asx, serine, and glycine in the first 3 months of lactation.
Analyses of gender differences by fitting a mixed model (girls: n = 13, boys: n = 12) revealed a significantly higher sum of all TAAs (p = 0.0362) ( Figure 1A ) and total protein content (p = 0.0465) in milk for girls in the first 3 months of lactation. Milk for girls contained significantly higher TAA levels of each individual AA in the first 3 months of lactation, except for Glx (p = 0.1443), histidine (p = 0.0511), valine (p = 0.0612) and isoleucine (p = 0.0918) ( Figure 1C ). As represented in Figure 1C , effects sizes of gender were moderate (Hedges' g = 0.5-0.8) for total Glx, histidine, valine and isoleucine and large (Hedges' g ≥ 0.8) for all other measured TAAs. Gender had no significant effect on the FAA content in HM, however, a trend for higher levels in milk for boys was observed for free glutamine (p = 0.0948, Hedges' g = 0.68) in the first 3 months of lactation ( Figure 1B,D) . No gender differences were found in months 4-6 of lactation. 
Discussion
The composition of HM is considered optimal for supporting a healthy development of the newborn in the first months of life. In recent years FAAs in HM gained considerable attention and their changing composition along lactation has led researchers to discuss functional roles of FAAs in infant development. To contribute to this discussion, we studied the absolute and relative FAA levels in HM along the first 6 months of lactation and reported for the first time associations between FAA, TAA and protein levels in HM and infant gender.
The dynamics and levels of FAAs, TAAs and protein found in the present study were comparable to those reported in a systematic review by Zhang and colleagues [7] . We previously confirmed that the total protein and TAA content in HM decreased in the first 2 or 3 months of lactation with levels remaining relatively stable thereafter [21] . The decreasing TAA and protein levels have been shown to correlate with the infant requirements for growth and might prevent overfeeding of AAs, as milk volume intake per kg body weight increases with progressing lactation [22, 23] .
The present research showed that the FAA/TAA ratio almost doubled in the first 6 months of lactation, which might indicate an increasing importance of FAAs compared to TAAs for the developing infant. Consistent with other studies, the contribution of FAAs to TAAs in this study was 2.5% to 5%, depending on the time point during lactation [7, 24, 25] . Therefore, it is expected that the contribution of FAA to the infant's nutritional requirements is low. Despite their low abundance, FAAs in HM contribute significantly to initial changes in the infant's plasma FAA following a feed [24, 26] . It is speculated that FAAs are more rapidly absorbed after ingestion than protein-derived AAs, appear more readily in the circulation and, thus, might reach peripheral organs and tissues faster [8, 26, 27] . Receptors recognizing specific FAAs are found on a wide variety of cells in multiple 
The present research showed that the FAA/TAA ratio almost doubled in the first 6 months of lactation, which might indicate an increasing importance of FAAs compared to TAAs for the developing infant. Consistent with other studies, the contribution of FAAs to TAAs in this study was 2.5% to 5%, depending on the time point during lactation [7, 24, 25] . Therefore, it is expected that the contribution of FAA to the infant's nutritional requirements is low. Despite their low abundance, FAAs in HM contribute significantly to initial changes in the infant's plasma FAA following a feed [24, 26] . It is speculated that FAAs are more rapidly absorbed after ingestion than protein-derived AAs, appear more readily in the circulation and, thus, might reach peripheral organs and tissues faster [8, 26, 27] . Receptors recognizing specific FAAs are found on a wide variety of cells in multiple tissues, supporting the concept that specific FAAs in HM might be of physiological importance for the infant [9, 10] .
Whereas relative levels of almost all FAAs increased with progressing lactation, absolute levels of most FAAs remained stable along lactation. We found an increase of free aspartate, glutamate, glutamine, glycine, serine and threonine in months 1-3 of lactation, which are all polar amino acids in their free form. Other studies in a variety of ethnic groups found the same FAAs to increase along lactation, indicating a globally consistent FAA time course pattern in HM [7, 9, 25] .
Our results showed that glutamate was by far the most abundant FAA and showed the highest absolute increase in concentration, followed by free glutamine. Similar observations have been reported by others [7, 25] . The secretion of these FAAs in milk is an actively regulated process where branched-chain amino acids are catabolized in lactating mammary tissue to provide a.o. glutamate and glutamine, suggesting an important role of the two FAAs for the developing neonate [28] . Studies show that glutamine and glutamate support intestinal development, which is not yet completed at birth [29, 30] . For instance, they are energy substrates for intestinal cells [31] and important for the generation of glutathione (glutamate) and epithelial tight junctions (glutamine), which are vital for the protection and maturation of the neonatal gut barrier [30, [32] [33] [34] . It is postulated that glutamine and glutamate are implicated in the infant's immune-development, as both AAs are indicated to modulate immune cell function and immune responses [29, 35, 36] . For example, at concentrations comparable to those in HM glutamine modulates T-cell proliferation, increases the production of T helper type 1 (TH1) cytokine IL-2 by T cells, and modulates differentiation of B-cells [35, [37] [38] [39] . Glutamate has been demonstrated to modulate cytokine expression of dendritic cells and thereby drive the development of regulatory T cells and the inhibition of T helper type 2 (TH2) cells, and to stimulate the production of regulatory cytokine IL-10 by T-cells [33, 36, 40] . Many of these effects are TH1-skewing and/or TH2-inhibiting. Therefore, it can be speculated that free glutamine and glutamate could, next to other factors in HM, play a protective immune-modulating role against early life TH2-driven (food) allergy.
The present study reports several associations between infant gender and AA content in HM. Milk for girls was associated with higher levels of protein and TAAs, whereas milk for boys showed a trend towards higher levels of free glutamine when evaluated over the first 3 months of lactation. Interestingly, Thakkar et al. also demonstrated that the protein content in milk for girls was slightly higher than that in milk for boys in, at least, the first 60 days of lactation [41] . They, however, did not report significant differences, possibly due to them analyzing gender differences per time point measured, in contrast to our statistical method which includes the first 3 months of lactation simultaneously. As milk volume intake per kg of body weight is roughly similar for boys and girls, the observed differences might result in differences in AA intake. Larnkjaer et al., recently showed that infant length at 4 months was positively associated with free glutamine levels in HM [42] . In compliance with this association, male infants in the present study tended to gain more length (p = 0.0556) during months 2-4 than female infants. Although Pearson correlation revealed a positive association of free glutamine in HM and infant length in the present study, this was not found to be significant.
The present study has several limitations. First, participating mothers gave birth to children genotypically at risk of CD (i.e., the presence of DQ2 and DQ8 haplotypes). However, we consider the present study to be representative for the general population as participating infants had not developed CD at 5-8 years of age, as the prevalence of DQ2 and DQ8 haplotypes in the general population is high (up to 30%), and as participating mothers did not have CD [43] . Another limitation is that milk sample collection was not strictly controlled as participants could sample from either breast and throughout the day. Sanchez et al. reported that levels of some AAs in HM might vary throughout the day, but the variations were only small [44] . In the present study, detailed information regarding maternal diet, other than that participating mothers consumed a free-living, gluten-containing diet, is lacking. Maternal diet might influence HM composition. However, the contribution of maternal diet to protein, FAA and TAA levels in HM is expected to be low, as those levels appear to be well preserved among mothers across different geographical locations consuming different diets [7, 45, 46] . This is reinforced by a study in China that reported the absence of a link between the AA concentration in maternal diet and HM [47] . A final limitation of the present research is that it lacks colostrum milk samples (0-5 days) and mainly analyzes mature HM (>15 days). The lack of colostrum milk samples is unfortunate, as effects of lactation stage on FAA levels in HM are shown to be best observed between colostrum and transitional milk. For instance, free glutamine levels are demonstrated to increase up to 7-fold between colostrum and transitional HM [7] .
Conclusions
The present study demonstrated that levels of FAAs, TAAs, and protein in HM vary during lactation. For almost all individual AAs, the abundance of FAA increased relative to bound AA in the first 3 months of lactation. Significant increases of absolute levels of FAAs in the first 3 months of lactation were found for a.o. glutamine and glutamate, which are known to exhibit modulatory functions on intestinal health and the immune system, and are demonstrated to have T H 1-skewing capabilities. Furthermore, although confirmation is necessary in view of the relatively small sample size, our study found differential effects of gender on TAAs and free glutamine levels in HM in the first 3 months of lactation. This provides opportunities to study HM AA composition in relation to (immune-related) diseases that occur differently between boys and girls in the first years of life. 
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